INTRODUCTION
============

From an evolutionary point of view, the ribosome is one of the most ancient cellular particles ([@B1]). This complex molecular machine, composed of ∼2/3 ribosomal RNA (rRNA) and 1/3 ribosomal proteins (r-proteins), produces proteins by translating the genetic information carried by messenger RNA (mRNA) sequences as the last step of gene expression according to the central dogma of molecular biology. Biochemical, genetic and structural studies firmly established that the ribosome is a ribozyme polymerizing amino acids into a growing peptide within the catalytic core at a site called the peptidyl transferase center (PTC) ([@B2]). This active site is located in a cavity on the interface side of the large ribosomal subunit and consists almost entirely of 23S ribosomal RNA (28S rRNA for eukaryotes) nucleotides ([@B3],[@B4]). The active site nucleotides that intimately approach the 3′ CCA ends of both A- and P-site tRNA substrates are universally conserved and have been referred to as the inner shell of the PTC ([@B5]).

In order to produce a protein, ribosomes progress through the elongation cycle which consists of the initiation, elongation, termination and finally the recycling stages ([@B6]). During the elongation phase the peptide chain extension occurs immediately after accommodation of the aminoacyl-tRNA (aa-tRNA) into the PTC A-site. This results in the transfer of the peptidyl moiety from the P-site bound peptidyl-tRNA (pept-tRNA) to the A-site bound aa-tRNA, the first of two catalytic reactions facilitated by the PTC. Subsequently, the two tRNAs translocate to the P- and E-sites, respectively, in a multi-step process promoted by the elongation factor G (EF-G). In contrast to transpeptidation, where many mechanistic details have been revealed ([@B2]), the molecular processes underlying the tRNA translocation steps are far from being understood. According to the hybrid state model, translocation starts upon peptidyl transfer with the spontaneous movement of deacylated tRNA and pept-tRNA acceptor ends from the P-site to the E-site and from the A-site to the P-site correspondingly, while their anticodon stem-loops remain at the previous positions resulting in the hybrid P/E and A/P tRNA states ([@B7]). Global conformational rearrangements of the ribosomal subunits together with the ratchet-like intersubunit rotation accompany the tRNAs motions ([@B8]). Finally, coupled mRNA-tRNAs movement resulting in the population of classical E/E and P/P sites is driven by the action of the GTPase EF-G. GTP hydrolysis occurs after conformational changes on EF-G induced by its interaction with the ribosome, probably triggered by the A2660 exocyclic N6 amino group in the sarcin-ricin-loop of the 23S rRNA (*Escherichia coli* 23S rRNA nomenclature is used here and throughout the manuscript) ([@B9]). On the other hand, under certain *in vitro* conditions tRNA translocation can occur even in the complete absence of EF-G revealing this reaction inherent to the ribosome itself ([@B10; @B11; @B12; @B13]). At the end of the open reading frame and in response to an A-site bound class I release factor, the fully translated protein is released from the P-site located tRNA by pept-tRNA hydrolysis, the second catalytic reaction promoted in the PTC ([@B2],[@B4]).

Unexpectedly, given the nature of the PTC with its universally conserved nucleotides, standard ([@B5],[@B14; @B15; @B16; @B17; @B18]) and 'atomic mutagenesis' studies ([@B19; @B20; @B21]) have shown that the nucleobase identities are actually not critical. In fact, rRNA backbone groups have been identified to directly participate in (the ribose 2′-OH at A2451 for amide bond formation) ([@B22]) or indirectly trigger (the ribose at A2602 for pept-tRNA hydrolysis) ([@B19]) chemical reactions in the PTC. For peptide bond synthesis another critical ribose 2′-OH backbone group has been identified which resides on the terminal residue of P-site tRNA ([@B23],[@B24]), whose functional relevance, however, has recently been challenged ([@B25]). It is feasible that the rRNA nucleobase identities of the universally conserved active site residues might be crucial for other ribosomal functions distinct from catalysis. In an attempt to elucidate functions of the inner core nucleotides beyond peptidyl transfer and pept-tRNA hydrolysis, we chemically engineered the PTC via the 'atomic mutagenesis' approach ([@B20]), a technique that allows the manipulation of single functional groups of 23S rRNA residues in the context of the 70S ribosome. Thus far the atomic mutagenesis approach has been applied to study individual 50S subunit-promoted reactions of the elongation cycle in isolation ([@B9],[@B19; @B20; @B21; @B22]). To circumvent these limitations we improved this technology to study the consequences of PTC nucleobase manipulations in a more physiologically relevant set-up, namely during *in vitro* translation of either a poly(U) mRNA analog or a genuine mRNA coding for r-protein S8.

MATERIALS AND METHODS
=====================

Reconstitution of *Thermus aquaticus* ribosomes
-----------------------------------------------

To investigate nucleotide positions U2585, A2602, U2506, A2451, A2453, A2450 and C2063, we generated four different gapped-circularly permuted (cp)-23S rRNA constructs ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). The cp-23S rRNAs were generated, *in vitro* reconstituted to 50S particles and reassociated with native *T. aquaticus* 30S as described previously ([@B19; @B20; @B21]). To investigate position U2585, the synthetic RNA oligo was ligated to the 3′-end of the cp2623-2576 (the first mentioned nucleotide always indicates the new 5′-end and the second residue the 3′-end of the cp-23S rRNA transcript) via a splinter ligation approach prior to *in vitro* reconstitution ([@B19]). Synthetic RNA oligos were purchased from *Dharmacon* (wild-type, purine, C3-linker modifications), *CureVac* (isoguanosine) and from *Microsynth* (2-pyridone), while ribose-abasic modifications were synthesized using the 2′-*O*-TOM-methodology \[([@B20],[@B22]) and references therein\].

PolyU-dependent poly(Phe) synthesis
-----------------------------------

For every time point 20 pmol of reconstituted *T. aquaticus* 50S particles were associated with 2 pmol of native *E. coli* 30S subunits and precipitated with three volumes of ethanol for 1 h at −80°C. Ribosomal particles were resuspended in 8 µl buffer containing 20 mM Hepes/KOH pH 7.6, 150 mM NH~4~Cl, 14 mM MgAc~2~, 1 mM DTT, 2 mM spermidine, 0.05 mM spermine followed by 15 min incubation with 25 µg polyU at 37°C ([@B26]). Translation reactions (25 µl) were launched at 42°C upon addition of recombinant his-tagged *E. coli* elongation factor (see [Supplementary Methods](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)) EF-Tu (0.92 µM), EF-G (0.26 µM), EF-Ts (0.33 µM) and PheRS (1.57 µM) together with ATP (1.2 mM), GTP (0.6 mM), acetyl phosphate (3.4 mM), L-\[^3^H\]phenylalanine (0.04 mM, specific activity 640 cpm/pmol) and *E. coli* deacylated tRNA^Phe^ (1.92 µM) ([@B9]). Detection of produced poly(Phe) peptides was carried out by precipitation with TCA followed by filtration through glass-fibre filters and scintillation counting according to ([@B26]). Alternatively, we used [l]{.smallcaps}-\[^14^C\]phenylalanine (270 cpm/pmol) and 4.63 µM tRNA^Phe^ with 40 pmol of reconstituted ribosomes in 21.5 µl reactions for subsequent thin layer chromatography detection of poly(Phe) peptides (see below).

Thin layer chromatography
-------------------------

In total, 21.5 µl of translation reactions containing \[^14^C\]-labeled peptides were stopped after 90 min of incubation upon addition of 2.5 µl of 10% Triton X100 and 10 µl of 0.5 M KOH. After 30 min incubation at 37°C total samples were loaded on an HPTLC F254 Silica gel 60 plate (Merck) in 3 µl aliquots ∼1 cm from the bottom of the plate alongside with the marker di-Phe peptide (1 µg) and penta-Phe (10 µg). The plate was dried with a hair dryer repeatedly after each aliquot application and the vertical TLC was performed (∼90 min) in the running buffer *n*-butanol:acetic acid:water (4:1:1, v/v) until the buffer front reached 0.5 cm to the top of the plate ([@B27]). The plate was dried at 58°C for 10 min. The marker lanes were sprayed with 0.25% ninhydrin solution (in acetone) and the plate was incubated for another 10 min at 58°C to detect the marker spot position. Approximately 300 cpm of \[^14^C\]Phe were subsequently applied onto the stained marker spots. The TLC plate was subsequently wrapped in plastic foil and exposed to a phosphoimager screen for 24--72 h.

Peptide bond formation
----------------------

Peptide bond formation rates were determined using the puromycin assay. Reactions were performed as described before ([@B20]) employing 0.3--0.8 pmol *N*-acetyl-\[^3^H\]Phe-tRNA^Phe^ (15 000 cpm/pmol) or f\[^3^H\]Met-tRNA (30 000 cpm/pmol) as P-site substrate and 2 mM puromycin as acceptor substrate. Preparation of the pept-tRNA substrates was according to ([@B20],[@B28]).

Dipeptide formation and pept-tRNA drop off measurement
------------------------------------------------------

To assess the peptidyl transferase activity of reconstituted ribosomes using full-length tRNA substrates 70S ribosomes (associated from 20 pmol reconstituted 50S subunits and 8 pmol native *T. aquaticus* 30S subunits) were incubated with 80 µg of poly(U) for 15 min at 37°C for P-site binding of 6 pmol unlabeled *N*-acetyl-Phe-tRNA^Phe^ in a 98 µl reaction containing 20 mM Tris/HCl pH 7.5, 6 mM Hepes/KOH pH 7.5, 7.6 mM MgCl~2~, 100 mM NH~4~Cl, 3.6 mM spermidine, 0.04 mM spermine, 5.5 mM *ß*-mercaptoethanol and 0.05 mM EDTA. The peptidyl transferase reaction was initiated by the addition of ternary complex \[^3^H\]Phe-tRNA:EF-Tu:GTP (20 000 cpm/pmol) preformed in the ratio 4 pmol:18.84 pmol:2 nmol at 37°C in the buffer 20 mM Hepes/KOH pH 7.5, 6 mM MgCl~2~, 150 mM NH~4~Cl, 2 mM spermidine, 0.05 mM spermine, 4 mM β-mercaptoethanol. After 15 min half of the reaction (50 µl) was stopped by the addition of 7.15 µl of 10 M KOH and incubation at 37°C for 15 min. Subsequently 143 µl of 1 M KH~2~PO~4~ and 103 µl of 1 M HCl were added. At this pH value (pH 2.5) the reaction product, *N*-acetyl-Phe-\[^3^H\]Phe, can be extracted into ethyl acetate and was analyzed by liquid scintillation counting ([@B21]).

To measure the amount of *N*-acetyl-Phe-\[^3^H\]Phe-tRNA^Phe^ bound to the ribosomes after transpeptidation, the second half of the reaction was diluted on ice with 150 µl of cold buffer containing 60 mM Hepes/KOH pH 7.6, 100 mM NH~4~Cl, 7.6 mM MgCl~2~, 9.5 mM β-mercaptoethanol, 1.5 mM spermidine, 0.35 mM spermine. The total reaction was passed through a nitrocellulose filter (Millipore; 0.45 µm pore size) and washed twice with 0.5 ml of the above dilution buffer. Dried filters were soaked in scintillation cocktail and counted.

Uncoupled multiple turnover EF-G GTP hydrolysis
-----------------------------------------------

GTP hydrolysis by recombinant his-tagged *T. thermophilus* EF-G was induced by reassociated 70S ribosomes (reconstituted 50S and native *T. aquaticus* 30S in a ratio of 10:4). A single time point reaction contained 0.15 µM reconstituted ribosomes, 0.37 µM deacylated tRNA^Phe^, 46.7 µM γ-\[^32^P\]-GTP and 1.13 µM EF-G and was performed in a final volume of 13.4 µl. Reactions were stopped by formic acid addition and the amount of inorganic phosphate released was analyzed by thin layer chromatography (Polygram CEL300 PEI/UV) as described ([@B9]).

S8 mRNA *in vitro* translation
------------------------------

Twenty picomoles of 70S ribosomes (reconstituted *T. aquaticus* 50S and native *E. coli* 30S subunits in 10 : 1 ratio) were precipitated for 1 h at −80°C with three volumes of EtOH and dissolved in 18 µl of the buffer containing 44% (v/v) of the S30 premix (Promega), 22% (v/v) of *E. coli* S100 extract ([@B29]), amino acid mixture without Met and Cys (0.11 mM each), 10 µg bulk *E. coli* tRNA (Sigma), 8 U of RNase inhibitor (Fermentas), 11 mM MgCl~2~, \[^35^S\]Met + \[^35^S\]Cys (2.5 mCi/ml, 1000 Ci/mmol). The reaction was pre-incubated (5 min at 37°C) and *in vitro* translation was initiated upon addition of 1 µg *in vitro* transcribed mRNA encoding S8 r-protein of *M. thermolithotrophicus* ([@B30]) and simultaneous transfer to 42°C. After 60 min of incubation the protein fraction of the reaction (final volume: 20 µl) was precipitated for 1 h with four volumes of cold acetone at −20°C. Samples were then dissolved in the Laemmli buffer, denaturated at 95°C for 5 min and analyzed by SDS--PAGE. As an S8 marker control we used the protein fraction of *E. coli* cells containing *in vivo* synthesized recombinant \[^35^S\]Met-labeled S8 of *M. thermolithotrophicus.* The dried gel was exposed to a phosphoimager screen overnight.

Molecular dynamics simulations
------------------------------

Ribosome crystal structure coordinates have been obtained from Protein Data Bank database \[1VQO for the empty ribosome ([@B31]); 2WDH and 2WDJ for the PRE state ribosome ([@B32])\]. Prior to analysis, the 23S rRNA numbering in the 1VQO structure has been adjusted to follow the *E. coli* nomenclature. The coordinates of PTC residues in a distance of 32 Å from A2450, A2062 and C2063 have been extracted. These structural PTC fragments have been dissolved with water (TIP3 model) and ionized with 0.5 M NaCl and used for molecular dynamics (MD) simulation with NAMD ([@B33]), using all-atom charmm force field parameters. During simulations only residues within a radius of 20 Å from A2450, A2062 and C2063 have been designated as flexible. MD experiment consisted of minimization (0.3 ns) followed by simulation (2 ns) at the initial temperature of 310 K. Result analysis has been performed with the VMD ([@B34]) and PyMol software.

RESULTS
=======

Construction of circularly permuted 23S rRNAs (cp-23S rRNAs) for atomic mutagenesis of inner core PTC nucleotides
-----------------------------------------------------------------------------------------------------------------

To implement nucleotide manipulations of PTC residues ([Figure 1](#F1){ref-type="fig"}) on the atomic level, we created a set of four different cp-23S rRNA constructs ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)) ([@B19; @B20; @B21]). Each cp-23S rRNA transcript has the natural 5′- and 3′-ends covalently linked and new ends established such that a sequence gap is introduced encompassing the PTC nucleotide under investigation. Subsequently the cp-23S rRNA transcript and a synthetic RNA oligo complementing the gap were reconstituted *in vitro* together with 5S rRNA and the total protein extract of *T. aquaticu*s large ribosomal subunits to assemble functional 50S particles ([@B35]). The chemically synthesized RNA oligonucleotides had either the wild-type (wt) sequence or carried single non-natural nucleotide analogs at PTC nucleotide positions C2063, A2450, A2451, A2453, U2506, U2585 or A2602. Figure 1.Structural organization of the inner core PTC nucleotides. (**A**) Secondary structure of the central loop of domain V of *T. aquaticus* 23S rRNA ([@B52]). The five inner core residues (A2602, U2585, U2506, A2451 and C2063) as well as the 'second layer' residue A2450 are highlighted in bold and are colored. (**B**) The 3D architecture of the PTC structure using the same color code as in (A). The hydrogen bonding interactions of the non-Watson-Crick base pair A2450--C2063 are shown. The position of the nitrogen atom of the attacking α-amino group of the Phe-tRNA in the A-site is depicted as green sphere. The figure was generated from to the *T. thermophilus* 70S atomic coordinates (pdb files 2WDK and 2WDL) ([@B32]).

Removal of active site nucleobases and the effects on *in vitro* translation activities
---------------------------------------------------------------------------------------

Since the removal of nucleobases at the five inner core PTC residues C2063, A2451, U2506, U2585 or A2602 ([Figure 1](#F1){ref-type="fig"}) has been shown previously not to interfere significantly with isolated ribosome-catalyzed reactions ([@B19; @B20; @B21]), we now investigated the performance of the chemically engineered ribosomes under biologically more meaningful conditions, namely during poly(U)-directed *in vitro* translation. In line with previous studies, elimination of the inner core nucleobases by introducing abasic site analogs (at A2451, U2585, U2506) or by deleting the entire nucleotide at A2602 (Δ2602) did not significantly affect the poly(Phe) synthesis ([Table 1](#T1){ref-type="table"}). Among the PTC nucleotides located in close contact to the CCA ends of both A- and P-site tRNAs, the highly flexible A2602 and U2585 have been proposed to play a pivotal role in the orchestrated movement of the tRNAs ([@B36]). Since the individual elimination of the nucleobases did not hamper *in vitro* translation, we next created the 2585 abasic/Δ2602 double mutant in order to investigate a potential functional redundancy of these residues. This double mutant, however, retained wt-like activities in the poly(Phe) assay. In fact moderately but reproducibly increased translational activities were evident ([Table 1](#T1){ref-type="table"}). This indicates that neither of these residues is crucial for triggering or assisting the movement of the CCA tRNA ends during *in vitro* translation. Control poly(Phe) experiments in the presence of thiostrepton or in the absence of EF-G showed, that product formation on chemically engineered ribosomes was still dependent on an authentic tRNA translocation ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). The sole inner core nucleobase whose removal (by introducing an abasic site or a C3-linker nucleotide analog) was not compatible with efficient poly(Phe) synthesis was the cytosine at position 2063 ([Figure 2](#F2){ref-type="fig"}A and C). In this case peptide synthesis was markedly reduced (\>4.5-fold), albeit not completely inhibited ([Table 1](#T1){ref-type="table"}). Table 1.*In vitro* translation activities and peptide bond formation rates of ribosomes carrying nucleotide modifications in the PTCPositionModificationPoly (Phe) synthesis[^a^](#TF1){ref-type="table-fn"}Peptide bond formation (*k*~rel~)^b^--none (wt)1.001.00A2602Δ0.741.09[^c^](#TF2){ref-type="table-fn"}U2585aba1.561.49[^d^](#TF3){ref-type="table-fn"}2602/2585Δ/aba1.781.32U2506aba1.802.21[^d^](#TF3){ref-type="table-fn"}A2453aba1.200.53[^e^](#TF4){ref-type="table-fn"}A2451aba0.720.53[^e^](#TF4){ref-type="table-fn"}d-aba0.130.01[^e^](#TF4){ref-type="table-fn"}A2450aba0.070.61[^e^](#TF4){ref-type="table-fn"}Pu0.030.70isoG0.600.82C2063aba0.220.98[^c^](#TF2){ref-type="table-fn"}C30.340.712-pyr0.430.61[^1][^2][^3][^4][^5][^6] Figure 2.Effects of A2450--C2063 base pair modification on *in vitro* translation, peptide bond formation and pept-tRNA drop-off. (**A**) Schematic illustration of the A--C wobble base pair (middle) and the introduced nucleotide modifications at positions A2450 (left) and C2063 (right). (**B**) *In vitro* translation activities of ribosomes with A2450 or (**C**) with C2063 modifications. The amount of polyphenylalanine produced by reconstituted ribosomes (in cpm or in phenylalanine per 70S ribosome) is plotted as a function of time. (**D**) The amount of extracted dipeptidyl product (*N*-acetyl-Phe-\[^3^H\]Phe) utilizing *N*-acetyl-\[^3^H\]Phe-tRNA^Phe^ and \[^3^H\]Phe-tRNA^Phe^ as reaction substrates formed on reconstituted ribosomes carrying the wt oligo was compared to the product obtained with ribosomes carrying an abasic site at position 2450 (aba). Product formation of wt ribosomes (∼0.1 pmol of *N*-acetyl-Phe-\[^3^H\]Phe per 1 pmol of 70S) was taken as 1.0 (**E**) The same ribosomal complexes as in (D) were used to quantify the fraction of *N*-acetyl-Phe-\[^3^H\]Phe-tRNA^Phe^ retained on the ribosome after peptide bond formation via filtration through nitrocellulose membranes. The amount of ribosome-bound dipeptidyl-tRNA on reconstituted wt ribosomes was taken as 1.00. Background values of retained \[^3^H\]Phe-tRNA^Phe^ on the nitrocellulose membrane in the presence of native 30S subunits alone were subtracted (∼0.025 pmol per 1 pmol of 30S subunits). In (A--E) the values represent mean and standard errors of at least three independent experiments.

Disruption of the C2063--A2450 wobble pair inhibits poly(Phe) synthesis
-----------------------------------------------------------------------

In the catalytic center ([Figure 1](#F1){ref-type="fig"}), C2063 forms an universally conserved non-canonical base pair with A2450 ([@B37]). A2450 is a 'second layer' PTC nucleotide and is located adjacent to A2451, the key player in peptidyl transfer ([@B22]). Removal of the adenine base at A2450 by the incorporation of the analogous abasic site variant at the other side of this A--C base pair resulted in an almost complete inhibition of the synthetic activity of the ribosomal particle ([Figure 2](#F2){ref-type="fig"}B, [Table 1](#T1){ref-type="table"}). In order to assess the functional importance of the integrity of this non-Watson--Crick pair for *in vitro* translation, we used the power of the atomic mutagenesis approach and introduced less invasive nucleotide modifications by replacing or altering only single functional groups or atoms at both nucleobases that are expected to either weaken or strengthen the A2450--C2063 interaction. Removing the exocyclic N6 amino group at A2450 by introducing a purine analog, which eliminates a H-bond donor ([Figure 2](#F2){ref-type="fig"}A), also severely interfered with poly(Phe) synthesis ([Figure 2](#F2){ref-type="fig"}B, [Table 1](#T1){ref-type="table"}). Similarly, when a 2-pyridone nucleoside was incorporated instead of C2063, thereby replacing the N3 by a carbon atom and thus eliminating the potential to serve as a H-bond acceptor for the proton of the A2450 N6 amino group ([Figure 2](#F2){ref-type="fig"}A), the ribosomes were unable to efficiently produce poly(Phe) products ([Figure 2](#F2){ref-type="fig"}C, [Table 1](#T1){ref-type="table"}). We noted that all A2450 modifications causing base pair disruption ([Figure 2](#F2){ref-type="fig"}A) reproducibly manifested more profound effects on the translation rates than C2063 modifications. In contrast, introducing an isoguanosine (isoG) nucleotide analog at position 2450, which should facilitate hydrogen bonding with C2063 by providing a protonated N1 ([Figure 2](#F2){ref-type="fig"}A), was compatible with *in vitro* translation. These data are compatible with the idea that the integrity of the A2450--C2063 base pair in the heart of the PTC is of functional importance for protein synthesis. We note that the effects connected with the base pair disruption at A2450--C2063 were unique since disrupting another highly conserved PTC A-C wobble base pair at A2453--C2499 did not inhibit poly(Phe) synthesis ([Table 1](#T1){ref-type="table"}). This highlights the functional importance of the A2450--C2063 base pair, which likely goes beyond merely stabilizing the productive active site conformation.

Disruption of the A2450--C2063 pair affects a reaction after peptide bond formation
-----------------------------------------------------------------------------------

According to the recently proposed catalytic model of peptide bond formation, the most pivotal functional 23S rRNA group is the ribose 2′-OH at A2451 ([@B22]). Therefore the almost wt levels of poly(Phe) activity using ribosomes carrying the abasic nucleotide analog at position 2451 could be expected since the ribose moiety was not altered ([Table 1](#T1){ref-type="table"}). However, the additional removal of the 2′-OH group by placing a deoxyribose-abasic site modification at 2451 severely reduced polypeptide synthesis ([Table 1](#T1){ref-type="table"}).

Modifications at A2450 and C2063 that were shown to interfere with efficient poly(Phe) synthesis ([Figure 2](#F2){ref-type="fig"}B and C, [Table 1](#T1){ref-type="table"}) needed to be assessed in the peptidyl transfer reaction. Hence we employed the puromycin reaction under single turnover conditions ([@B20]), and showed that the A2450--C2063 modifications that inhibited *in vitro* translation were efficiently able to form amide bonds ([Table 1](#T1){ref-type="table"}). Since puromycin is a minimal A-site substrate which has been shown to be hyper-sensitive to active site mutations compared to genuine aa-tRNA substrates ([@B5]), we also tested the abasic A2450 ribosome in a dipeptide bond formation assay using two full-length tRNA substrates in the P- and A-sites. Accordingly, the chemically engineered ribosomes formed equal amounts of *N*-acetyl-Phe-\[^3^H\]Phe dipeptidyl product compared to the *in vitro* reconstituted wt control particles ([Figure 2](#F2){ref-type="fig"}D). It is important to note that subsequent to dipeptidyl-tRNA formation the ribosomal complexes were filtered through nitrocellulose membranes in order to assay for premature dipeptidyl-tRNA drop-off in the abasic 2450 ribosomes. These experiments, however, clearly demonstrated that the modified ribosomes form and retain essentially equal amounts of *N*-acetyl-\[^3^H\]Phe-tRNA^Phe^ compared to the control ([Figure 2](#F2){ref-type="fig"}E) and thus eliminated tRNA drop-off as reason for the observed defects in poly(Phe) production ([Figure 2](#F2){ref-type="fig"}B). Additionally, since abasic A2450 ribosomes can produce *N*-acetyl-\[^3^H\]Phe-tRNA^Phe^ as efficiently as the wt ribosomes ([Figure 2](#F2){ref-type="fig"}D) argues against significant problems during aa-tRNA accommodation into the PTC A-site.

Disruption of the A2450--C2063 pair does not inhibit EF-G GTPase activation
---------------------------------------------------------------------------

The next step after peptidyl transfer in the ribosomal elongation cycle is the EF-G promoted translocation of pept-tRNA and deacylated tRNA from the A-, and P-sites to the P- and E-sites, respectively. Therefore, we next tested the ribosomes carrying modified 50S subunits in their ability to activate EF-G GTPase. The ribosome induces GTP hydrolysis on EF-G when the elongation factor binds to the intersubunit space near the A-site where it interacts with A2660 of the sarcin-ricin-loop of 23S rRNA which triggers GTPase activation ([@B9]). Disruption of the A2450--C2063 base pair, by introducing abasic nucleotide analogs, however, did not affect the EF-G GTPase, since identical GTP hydrolysis rates were observed in the mutant and the respective wt control ribosomes ([Figure 3](#F3){ref-type="fig"}). This indicates that the reconstituted ribosomes harboring abasic site analogs at A2450 or C2063 could productively interact with EF-G and stimulate efficient GTP hydrolysis. Figure 3.EF-G GTPase activities triggered by ribosomes containing modifications at A2450 or C2063. (**A**) EF-G catalyzed GTP hydrolysis induced by reconstituted ribosomes with disrupted (abasic 2450 or 2063, aba) or an intact A2450--C2063 base pair (wt). The amount of GTP hydrolyzed over time is plotted. The GTP input in a single experimental time point was 625 pmol. (**B**) Products of the ribosome-dependent uncoupled EF-G GTPase reactions were separated via thin-layer chromatography and visualized by phosphor imaging. Values were obtained by quantification of the released inorganic phosphate (Pi) and represent the mean and standard errors of at least three independent time course experiments. Background values (amount of product in the presence of 30S subunits alone) were subtracted from every data point. In the absence of 30S particles, reconstituted 50S subunits do not trigger detectable GTP hydrolysis on EF-G ([@B9]).

Disruption of the A2450--C2063 pair interferes with productive tRNA translocation
---------------------------------------------------------------------------------

In the standard poly(Phe) assay, the reaction product is analyzed by trichloroacetic acid (TCA) precipitation and subsequent liquid scintillation counting of the radiolabeled poly(Phe) chain. However, it is known that the polypeptide chain has to be larger than 4--7 amino acids in order to be precipitated by TCA ([@B38],[@B39]). Thus this detection system does not yield insight into the peptide chain length synthesized on chemically engineered ribosomes. To circumvent these limitations we have used a thin layer chromatography-based detection system ([@B27]) of C^14^-labeled poly(Phe) products synthesized on ribosomes carrying an abasic nucleotide analog either at positions 2450 or 2063. The TLC plates used allow the separation of poly(Phe) peptides based on the increase of hydrophobicity with poly(Phe) chain length extension. The conditions used enable good separation of poly(Phe) length between one and five phenylalanine residues and thus complement the detection gap of the standard TCA precipitation technique. While native ribosomes or reconstituted particles carrying the wt synthetic RNA mainly produced peptides of more than three Phe residues (95--100 and 77--84% for native and reconstituted wt ribosomes, respectively), abasic 2450 ribosomes primarily accumulated only Phe--Phe dipeptides ([Figure 4](#F4){ref-type="fig"}A and B). Seventy-six percent of the product observed during *in vitro* translation employing abasic A2450 ribosomes was dipeptide and only 24% had chain lengths of three amino acids or longer. The same tendency, albeit again less pronounced, was observed with abasic 2063 ribosomes ([Figure 4](#F4){ref-type="fig"}C). Obviously ribosomes with a disrupted A2450--C2063 can effectively form one peptide bond, which is in good agreement with the unaffected peptidyl transferase activities using puromycin or full-length aa-tRNA substrates ([Table 1](#T1){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}D), but fail to produce larger polypeptides. Since dipeptidyl-tRNA drop-off from the A-site ([Figure 2](#F2){ref-type="fig"}E) and defects in EF-G GTPase activation ([Figure 3](#F3){ref-type="fig"}) can be excluded as reason for the impaired processivity during the poly(U)-directed poly(Phe) assay, the most likely explanation is a defect in efficient tRNA translocation. Figure 4.Effects of A2450--C2063 base pair disruption on the length of the produced poly(Phe) peptides. (**A**) A representative TLC plate with poly(\[^14^C\]Phe) peptides synthesized in poly(U)-dependent translation reactions is shown. Lanes show synthesized poly(\[^14^C\]Phe) peptides and unincorporated \[^14^C\]Phe after translation using ribosomes reconstituted with the wt oligo (wt), ribosomes reconstituted with the oligo carrying an abasic site at 2450 (aba2450), native *E. coli* 70S (70S) as a positive control and *E. coli* 30S subunits as a negative control. Arrows indicate the loading spots (ori), positions of unincorporated \[^14^C\]Phe (mono) as well as the location of di-Phe (di) and penta-Phe peptides (penta) identified on the marker lane (M). Note that peptide products longer than penta-Phe cannot be resolved by this system (indicated by penta+). For quantification the TLC plate was exposed to a phosphoimager screen and analyzed with the Image Quant software. The results of peptide length quantifications using aba2450 (**B**) or aba2063 (**C**) ribosomes are shown and compared to native 70S ribosomes as well as to reconstituted wt ribosomes. The produced poly(\[^14^C\]Phe) peptides were grouped into the length categories 'di' (white), 'tri+tetra' (light grey) and 'penta+' (dark grey) peptides. Radioactivity values measured in reactions containing no 50S ribosomal subunits \[30S in (A)\] were subtracted as background values from the corresponding category areas. The total amount of poly(\[^14^C\]Phe) detected on each lane was assigned as 1.0. Graphs represent the results of at least two independent *in vitro* translation experiments, whereas the error bars indicate standard error.

The most direct assay to assess tRNA translocation on an mRNA template is toeprinting which measures the distance between a pre-hybridized DNA primer on the mRNA and the ribosome via primer extension. Employing the toeprinting assay with ribosomes containing gapped-cp-reconstituted ribosomes turned out to be challenging, mainly due to high background levels of reverse transcriptase stops caused by the known low *in vitro* assembly efficiencies for functional 50S subunits ([@B21]) (see [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). Nevertheless, executing the toeprinting analysis with ribosomes carrying an abasic 2450 site repeatedly reduced EF-G-dependent translocation of tRNAs from the PRE to the POST state by 30 ± 5% (determined from nine independent experiments) compared to the reconstituted wt control ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). However, placing an isoG at position 2450, a modification that did not markedly inhibit poly(Phe) production ([Table 1](#T1){ref-type="table"}), did also not influence translocation in the toeprinting assay (data not shown). Furthermore, the removal of the adenine base at A2453, and thereby disrupting the A2453--C2499 base pair, did not affect translocation efficiencies ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). These data support the conclusion based on the poly(Phe) length measurements ([Figure 4](#F4){ref-type="fig"}), that the disruption of the A2450--C2063 base pair interferes with efficient tRNA movement through the PTC.

Integrity of the A2450--C2063 pair is crucial for the translation of a natural mRNA
-----------------------------------------------------------------------------------

To evaluate the reliability of the poly(Phe) synthesis data on A2450 and C2063 mutant ribosomes under more physiologically relevant conditions, we employed chemically engineered ribosomes for the first time in an *in vitro* translation assay with a natural mRNA. To this end, the S8 r-protein mRNA from *Methanococcus thermolithotrophicus* was used as a template for *in vitro* translation in the presence of labeled \[^35^S\]Met and \[^35^S\]Cys and the S100 cell extract from *E. coli.* Successful translation of this 130 codon long mRNA, which requires 129 translocation reactions yielding a protein of 14.3 kDa, was monitored by SDS-PAGE. Ribosomes containing *in vitro* reconstituted 50S subunits carrying the wt synthetic RNA oligo in the PTC were capable of polymerizing 130 consecutive amino acids to produce clearly detectable amounts of full-length S8 r-protein ([Figure 5](#F5){ref-type="fig"}). Quantification of the produced protein showed that ribosomes carrying modifications that disrupt or weaken the A2450--C2063 base pair (2450 abasic, 2450 purine, 2063 abasic) have lost their ability to translate full-length protein ([Figure 5](#F5){ref-type="fig"}), thus confirming the poly(Phe) synthesis data ([Figure 2](#F2){ref-type="fig"}B and C). Placing the isoG nucleotide analog at position 2450, a modification that was active in the poly(Phe) assay, was also tolerated in the S8 mRNA translation system, although full length protein production was slightly less efficient ([Figure 5](#F5){ref-type="fig"}). Figure 5.Natural mRNA *in vitro* translation is impaired on ribosomes with a disrupted A2450--C2063 base pair. A representative SDS-PAGE of total translation reactions programmed with S8 r-protein mRNA demonstrates full-length \[^35^S\]-labeled S8 protein (arrow) produced by reconstituted ribosomes carrying the wt oligo in the PTC. Additional lanes show translation products of ribosomes reconstituted with oligos carrying the abasic site modification (aba) at 2450 or 2063, isoguanosine at 2450 (isoG), purine at 2450 (Pu), or particles reconstituted without synthetic oligo (-oligo). The marker lane (M) shows \[^35^S\]-labeled S8 protein produced *in vivo* in *E. coli* BL21(DE3) cells. The gel was exposed to a phosphoimager screen and quantified (Image Quant). Background values (radioactivity detected in the areas corresponding to the full-length product in the '-oligo' lanes) were subtracted upon quantification. The asterisk marks a non-specific smear unrelated to translation (see '-oligo' lanes). The quantified relative amounts of the full-length protein (wt was taken as 1.00) is given under the respective lanes.

Disruption of the A2450--C2063 pair influences the conformation of A2062
------------------------------------------------------------------------

In order to understand the functional defects caused by disrupting the A2450--C2063 base pair and to explore possible structural rearrangements in the active site we run MD simulations. In the vacant ribosome the only gross conformational alterations detected upon disruption of the A2450--C2063 pair were in the dynamics of A2062. In the wt control the adenine base of A2062 is very flexible and it sampled a space of ∼3.8 Å during the time of the simulation. In contrast, A2062 markedly loses its nucleobase flexibility upon disruption of the A2450--C2063 base pair resulting in a restricted motion of only ∼1.2--2 Å ([Supplementary Figure S4A](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). In the presence of bound tRNA substrates, by using the most recently published crystallographic structure of the PTC carrying simultaneously two full length tRNA analogs in A- and P-site ([@B32]), additional features of the A2450--C2063 base pair became evident. In the wt situation, the previously highly mobile nucleobase of A2062 seems to have reached and contacted the amino acid side chain of the aa-tRNA analog in the A-site ([Figures 6](#F6){ref-type="fig"}A). In clear contrast, when the A2450--C2063 base pair was disrupted upon removal of either nucleobase at positions 2450 or 2063, A2062 was frozen in a conformation precluding interactions with the amino acid of the A-site tRNA ([Figure 6](#F6){ref-type="fig"}). Significantly, solely removing the N6 exocyclic amino group at A2450 by introducing a purine analog resulted in the loss of this A2062--aa-tRNA interaction in the A-site ([Figure 6](#F6){ref-type="fig"}B). In all the investigated cases where the A2450--C2063 pair was disrupted by A2450 modifications the nucleobase at A2062 lost its inherent flexibility and populated conformations not sampled by this adenine base in the wt control simulation ([Supplementary Figure S4C](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). Figure 6.Effects of modulating the A2450--C2063 pair on the PTC architecture. (**A**) In the surface representation of the structure obtained at the end of the MD simulation of the wt PTC, a continuous 'interaction ring' is formed involving the A2450--C2063 pair, A2062, a constrained monovalent ion (magenta), the phenylalanine side chain (asterisk) of A-site bound Phe-tRNA^Phe^ and A76 of deacylated tRNA in the P-site. (**B**) Removal of the adenine N6-amino group by introducing purine at residue 2450 resulted in the loss of base pairing with C2063 and a complete disconnection of A2062 and the A-site tRNA. (**C**) Removal of the entire nucleobase at 2450 severely affected the PTC architecture also resulting in the loss of interactions of A2062 with the aa-tRNA in the A-site. Instead the amino acid side chain of Phe-tRNA^Phe^ seems to interact with the nucleobase at C2063. (**D**) Removal of the base at 2063 showed less dramatic effects since A2062 was still able to reach the aa-tRNA in the A-site. However, the A2450--C2063 base pair is destroyed as well as A76 of P-tRNA is positioned significantly different in respect to A2450 as compared to the wt situation in (A).

DISCUSSION
==========

The PTC is the catalytic heart of the ribosome and its inner core is composed of five universally conserved 23S rRNA residues ([Figure 1](#F1){ref-type="fig"}). Removal or chemical modification of the nucleobases of these nucleotides via an 'atomic mutagenesis' approach, however, had only minor consequences on the two chemical reactions promoted by the PTC, namely peptide bond formation and pept-tRNA hydrolysis ([@B2],[@B35]). In order to deepen our molecular insight, we have now employed the chemically engineered ribosomes of *T. aquaticus* in a more physiological relevant set-up, namely during *in vitro* translation. With this test system it is possible to assess the functional role of the universally conserved PTC nucleobases during multiple rounds of the ribosomal elongation cycle which in short consists of EF-Tu-assisted delivery of aa-tRNAs to the A-site, peptide bond synthesis, and EF-G-driven tRNA movement.

Here, we demonstrate that the individual removal of the inner core PTC nucleobases at 23S rRNA positions A2451, U2506 and U2585 or the complete deletion of residue A2602 did not significantly affect *in vitro* translation ([Figure 2](#F2){ref-type="fig"}, [Table 1](#T1){ref-type="table"}). We would like to note that even though the adenine base at position 2451 has previously been suggested to play a direct role in the formation of peptide bonds ([@B40]), its complete removal did not significantly affect *in vitro* translation activities ([Table 1](#T1){ref-type="table"}) ([@B35]). This finding, however, is fully compatible with previous studies pointing at the ribose 2′-OH group of A2451 as the most critical functional group at this pivotal PTC nucleotide for peptide bond synthesis ([@B20; @B21; @B22]). The conformationally most flexible inner core residues are A2602 and U2585 ([@B36],[@B41; @B42; @B43; @B44]). It has been proposed that the N1 of A2602 and the O4 of U2585 are in direct contact with the CCA ends of both A- and P-site tRNAs and thus might play a crucial role in the orchestrated movement of the tRNAs during EF-G promoted translocation ([@B36]). Structural flexibility is assumed to be a prerequisite to accompany or even trigger the movement of the tRNAs during translocation. A2602 and U2585 reach into the void lumen of the active site crevice and are the only ones located on and presumably blocking the translocation path for the CCA end of pept-tRNA from the A-to the P-site. Removing the nucleobases at U2585 and A2602 individually or simultaneously, however, did not inhibit poly(Phe) peptide synthesis ([Tabel 1](#T1){ref-type="table"}), thus arguing against rate limiting functions of driving tRNA movement.

The sole inner core nucleobase that negatively influenced *in vitro* translation activities upon its ablation was C2063 ([Figures 2](#F2){ref-type="fig"}C and [5](#F5){ref-type="fig"}, [Table 1](#T1){ref-type="table"}). In all available crystallographic structures C2063 forms a non-Watson-Crick base pair with A2450 within the PTC ([Figure 1](#F1){ref-type="fig"}). Potential functional importance of this non-conventional A--C base pair is highlighted by its conservation among all three domains of life ([@B37]). Nucleobase exchanges at these positions cause lethal phenotypes in both prokaryal and eukaryal organisms ([@B45]). However, by using affinity purified ribosomes, *in vivo* derived A2450--C2063 mutant particles could be tested for PTC functionality ([@B37],[@B46]). In both studies the A2450--C2063 pair was mutated to the isosteric G2450:U2063 in the context of *E. coli* ribosomes, yet yielded quite dissimilar results. While Strobel and colleagues reported an ∼200-fold reduced peptidyl transferase activity ([@B46]), Dahlberg and colleagues saw almost wt levels of product formation in an *in vitro* translation assay ([@B37]). Changing the A2450--C2063 wobble pair into a G2450:U2063 base pair simultaneously disrupts several tertiary interactions inside the PTC thus highlighting the limitations of the standard mutagenesis approach in deciphering the functional role of active site residues at the molecular level.

Therefore we applied the less invasive and more precisely focused atomic mutagenesis approach, which enables manipulations at the functional group rather than on the entire nucleobase level ([@B35]), to investigate the role of the A2450--C2063 interaction during translation of poly(U) or the mRNA coding for the r-protein S8. We show that all modifications that weaken (2450 purine, 2063 2-pyridone) or disrupt (2450 aba, 2063 aba, 2063 C3-linker) this base pair harm *in vitro* translation activities ([Figures 2](#F2){ref-type="fig"} and [5](#F5){ref-type="fig"}, [Table 1](#T1){ref-type="table"}), while having little effect on peptide bond formation ([Table 1](#T1){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}D), pept-tRNA drop-off ([Figure 2](#F2){ref-type="fig"}E), and EF-G GTPase activation ([Figure 3](#F3){ref-type="fig"}). Thus it seems that disruption of the A2450--C2063 base pair inhibits a reaction following transpeptidation and EF-G action during the elongation cycle. Obviously manipulation of the A-C pair obstructs the capability of the ribosome in its processivity to form polypeptides. Size analysis of the poly(Phe) chain showed a clear reduction of the peptide length with an overrepresentation of Phe--Phe dipeptides in ribosomes with a disrupted A2450--C2063 pair ([Figure 4](#F4){ref-type="fig"}A and B). These findings suggest that the integrity of the A2450--C2063 base pair might be crucial for effective tRNA translocation through the PTC during protein synthesis. While we can not completely disregard the possibility that the observed defects in translation activity are the result of the introduced modification at either of the individual residues A2450 or C2063, the data presented in [Figures 2](#F2){ref-type="fig"} and [5](#F5){ref-type="fig"} are more compatible with the notion that it is the physical A--C base pair interaction that matters for effective PTC functionality.

What is the molecular basis of these translation defects of ribosomes with a disrupted A2450--C2063 base pair? A2450 stacks on A2451, the central PTC residue whose ribose 2′-OH has been revealed to be directly involved in peptide bond formation ([@B22]), and is, furthermore, involved in an A-minor interaction with A76 of P-site tRNA ([@B47]). Nevertheless, the loss of these structural duties of A2450 obviously did not markedly influence catalysis in the puromycin reaction as well as in the dipeptide bond formation assay under the applied conditions ([Table 1](#T1){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}D and E). These findings hint at a more elaborate role of the adenine nucleobase at position 2450 and/or the universally conserved A2450--C2063 base pair. To reveal this potential functional role we have conducted MD simulations starting from published PTC structures in the absence and presence of tRNA substrates in the A- and P-sites ([@B31],[@B32]). On the grounds of the MD simulations we assume a connection between the A2450--C2063 base pair integrity and conformational changes at A2062 ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). A2062 is located at the entrance of the nascent peptide exit tunnel and is known as a very dynamic 23S rRNA residue ([@B48]), which was also borne out by our MD simulations ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). Disruption of the A-C base pair by introducing an abasic site at position 2450 or 2063 was accompanied by the loss of this inherent flexibility at A2062, while other PTC residues were largely unaffected. Bacteria carrying mutations at A2062 are viable, and mutant ribosomes do not interfere with *in vitro* translation \[([@B49]) and references therein\]. In agreement, removal of the adenine base at A2062 also did not inhibit *in vitro* translation in our reconstituted system ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)). A2062 thus appears to have a more elaborate role during protein synthesis. Indeed mutations at A2062 have been shown to be critical for the drug-dependent ribosome stalling that occurs as a consequence of a concerted interaction of the nascent peptide and the bound macrolide antibiotic within the exit tunnel ([@B49]). Pyrimidine mutations of A2062 abolished the formation of the stalled ribosomal complex. It has been suggested that drug-dependent ribosome stalling triggers a conformational change in the PTC which results in translation arrest ([@B49]). A2062 is the direct neighbor of residue C2063, which in turn is involved in the crucial inner core A2450--C2063 base pair investigated herein. Based on this structural connection to the heart of the PTC it has been suggested that A2062 might be the sensor of the nature of the nascent peptide in the tunnel and might communicate this signal 'back' to the catalytic core ([@B49]). The requirement of such pathways, which regulatory nascent peptides use to 'back-talk' to the PTC and induce translation stalling, arises from recent studies of various nascent peptide-mediated ribosome stalling complexes ([@B50]). Our data are in general compatible with this theory and might add another layer of molecular information for this 'back-talk' hypothesis. Our MD simulations show that the initially highly dynamic nucleobase at A2062 in the empty PTC ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq213/DC1)) interacts in the PRE translocation state ribosome with the amino acid side chain of the aa-tRNA in the A-site (via a monovalent ion) ([Figure 6](#F6){ref-type="fig"}). A similar interaction between A2062 and the amino acid of a nascent polypeptide has very recently been observed via cryo-EM ([@B51]). In a surface representation of the PTC it appears that a continuous 'interaction ring' is established involving the critical A2450--C2063 pair, the nucleobase of A2062, the amino acid of the aa-tRNA in the A-site and A76 of deacylated tRNA in the P-site ([Figure 6](#F6){ref-type="fig"}A). Modifications of A2450 that disrupt the non-Watson-Crick interaction with C2063 concomitantly destroyed this 'interaction ring' which is evident by the inability of the nucleobase at A2062 to interact with the amino acid of the aa-tRNA ([Figure 6](#F6){ref-type="fig"}B and C). Significantly, solely removing the N6 exocyclic amino group at A2450 by introducing a purine analog resulted in the loss of this A2062--aa-tRNA interaction in the A-site ([Figure 6](#F6){ref-type="fig"}B). Consistent with our experimental data, the disruption of the A-C pair by modifying C2063 had less drastic effects on the establishment of this 'interaction ring' of the PTC compared to A2450 manipulations, since the A2062--pept-tRNA interaction remains possible ([Figure 6](#F6){ref-type="fig"}D). In summary, our data are compatible with the hypothesis that the universally conserved A2450--C2063 base pair may be the PTC recipient of signals transmitted from the nascent polypeptide in the exit tunnel (via A2062). This signal could subsequently modulate the integrity of the A2450--C2063 which in turn can regulate the efficiency of tRNA translocation.
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[^1]: Incorporated nucleotide analogs (see also [Figure 2](#F2){ref-type="fig"}A): ribose-abasic site (aba), 2′-deoxyribose-abasic (d-aba), C3-linker nucleotide analog (C3); purine (Pu), isoguanosine (isoG), or the 2-pyridone nucleoside analog (2-pyr).

[^2]: ^a^The amount of poly(Phe) catalyzed by reconstituted wt ribosomes after 120 min of incubation was taken as 1.00 and compared to the peptide yields produced by ribosomes carrying PTC nucleotide modifications. The values shown represent the mean of at least two independent poly(Phe) reactions.

[^3]: ^b^Peptide bond formation rates (*k*~rel~) using the puromycin reaction were determined from experimental points in the linear range of the reaction within the first 15 min of incubation of at least two independent time course experiments. The rate observed with reconstituted ribosomes carrying the wt oligo was taken as 1.00.

[^4]: ^c^Data taken from ([@B19]).

[^5]: ^d^Data taken from ([@B21]).

[^6]: *^e^*Data taken from ([@B20]).
